In the present work, effluent organic matter (EfOM) in treated domestic wastewater was separated into hydrophobic neutrals, colloids, hydrophobic acids, transphilic acids and neutrals and hydrophilic compounds. Their contribution to dissolved organic carbon (DOC) was identified. Further characterization was conducted with respect to molecular size and hydrophobicity. Each isolated fraction was dosed into salt solution to identify its fouling potential in ultrafiltration (UF) using a hydrophilized polyethersulfone membrane. The results show that each kind of EfOM leads to irreversible fouling. At similar delivered DOC load to the membrane, colloids present the highest fouling effect in terms of both reversible and irreversible fouling. The hydrophobic organics show much lower reversibility than the biopolymers present. However, as they are of much smaller size than the membrane pore opening, they cannot lead to such severe fouling as biopolymers do. In all of the isolated fractions, hydrophilics show the lowest fouling potential. For either colloids or hydrophobic substances, increasing their content in feedwater leads to worse fouling. The co-effect between biopolymers and other EfOM fractions has also been identified as one of the mechanisms contributing to UF fouling in filtering EfOM-containing waters. mechanism determining the severity of irreversible fouling (Jermann et al. ). These conflicting results indicate that it is questionable if biopolymers themselves can lead 204
INTRODUCTION
In wastewater reclamation, ultrafiltration (UF) membranes have been widely used to meet the increasingly strict requirements for improving quality of water for reuse. Membrane fouling is an important limitation to the economic operation of UF. With respect to treated wastewater, membrane fouling refers to the hydraulically irreversible deposition of effluent organic matter (EfOM) on the membrane surface or in membrane pores. To control fouling development, understanding of the properties of EfOM and its contribution to fouling is necessary.
Previous studies showed that biopolymersthe hydrophilic macromolecular proteins and polysaccharides (Huber et al. ) in EfOMare major organic foulants in UF (Haberkamp et al. ; Zheng et al. ) . In contrast, Kim & Dempsey () demonstrated that hydrophobic and hydrophilic acids in EfOM contribute much more to fouling than do colloids. By comparing fouling effect and biopolymer content of different waters, Gray et al. () and Henderson et al. () found that it was not the content of biopolymers but certain organics (especially protein-like substances) that play a crucial role in fouling phenomena. 
MATERIALS AND METHODS

EfOM isolation and characterization
EfOM isolation and extraction was conducted according to the methods described by Leenheer () with minor modi- Using a dialysis bag (12 kDa, Spectra/Por ® , Spectrum Labs) soaked in acid (HCl, pH 2) colloids and other fractions were separated from each other. The dialysis effluent was further transferred into XAD8 and XAD4 resins used in series to isolate hydrophobic acids (HPO acids) and transphilic acid and neutrals (TPI). Hereafter, hydrophilic compounds (HPI) were collected as the fifth isolated fraction. EfOMs adsorbed on XAD8 and XAD4 were eluted using acetonitrile mixed with pure water (acetonitrile/water: 75%/25% (volume)) and further concentrated and freeze-dried. Colloids were also freeze-dried after removing salts and silica for further utilization. The isolated fractions were characterized using Fourier transform infrared spectroscopy, solid state 13 C-nuclear magnetic resonance and elemental analysis. The size distribution of these organics was determined after resolubilization using liquid chromatography with online organic carbon detector (LC-OCD) (Huber et al. ) .
UF membrane, module and filtration system
Capillary UF membranes (hydrophilized PES, molecular weight cut-off 150 kDa) are used to filter different waters.
Mini-membrane modules were manufactured in the laboratory. The manufacturing process is similar to that described by Nguyen et al. () . In the present work, each module contains six capillaries with an effective filtration area of around 0.006 m 2 . The module is in dead-end operation with filtration and backwash flux around 100 L/(m 2 h). Filtration direction is inside-out. The membrane system was constructed with automatic backwash using UF permeate and control to continuously monitor and record the trans-membrane pressure.
For each experiment a new membrane module was used.
Water source and feedwater to UF
Freeze-dried EfOM organics were weighed and dosed back into salt solution which has similar Ca 2þ (100 mg/L) and Na þ (800 mg/L) concentration and conductivity (4.5 mS/ cm) as analysed in the Jeddah SE. The dissolved organic carbon (DOC) concentration of each synthetic water sample was controlled at around 1 mg/L and pH was controlled at 7.8 ± 0.2 using NaOH.
To test the co-effect of colloids with other fractions, 0.2 mg/L isolated biopolymers (in terms of DOC) was dosed into: (i) UF permeate of SE and (ii) reconstituted UF permeate according to their DOC content in treated wastewater (Shimadzu TOC-VCSH). The fouling development during UF of SE (after 1.2 μm pre-filtration, Sartopure PP2) was also investigated.
RESULTS AND DISCUSSION
Primary characterization of EfOMs
According to DOC measurement during EfOM isolation processes, the contribution of different fractions to the total DOC of Jeddah SE is shown in Figure 2 . The most abundant organics in the treated wastewater are HPO acids isolated using XAD8 resin. More than one third of DOC is from this fraction. Other main contributors are hydrophilic substances (HPI) and transphilic neutrals and acids (TPI), which contribute 28 and 21% of DOC, respectively. The HPO neutrals and hydrophilic colloids are minor contributors to the total DOC.
With respect to the relative elemental content in colloids, HPO acids and TPI (Table 1) , it is evident that around 50% of the elements in these organics are organic carbon. They present similar hydrogen content but show a significant difference in organic nitrogen amount.
The size distribution of SE and EfOM fractions is shown in Figure 3 . Biopolymers in SE are mostly in the colloidal size range (elution time 25-35 min). Other fractions elute later than colloids, indicating their comparatively smaller sizes.
Using LC-OCD data, the comparative hydrophobicity of organics can also be reflected by calculating the ratio between chromatogram DOC (C-DOC) and by-pass DOC (B-DOC) because the difference between them is regarded as a result of hydrophobic retention within the size exclusion column (Huber et al. ) . Table 1 shows that HPI and colloids are of the lowest hydrophobicity and HPO organics the highest, which is in agreement with the general description of their hydrophobic character (Leenheer ) . As a mixture of these organics, SE shows medium hydrophobicity within the range presented (Table 1) . From the results it is also evident that using the currently applied size exclusion column (HW50S) some hydrophobic materials in water cannot elute through the column and appear in its corresponding LC-OCD chromatogram. For instance, only 13% of the injected HPO neutrals can be recovered in its chromatogram measurement. This phenomenon indicates that LC-OCD technology needs further improvement with respect to this problem.
Fouling effect of different EfOM fractions
The fouling effect of isolated EfOM fractions in UF using this PES membrane is shown in Figure 4 . It is evident that each (Figure 4(b) ). Although the reduced flux can be partly recovered by backwash, after eight filtration cycles the permeability of the fouled membrane is only around 50% of its original value (after backwashing). This is much lower than that caused by filtering other organic solutions after 10 cycles. The result indicates clearly that under similar DOC load colloids themselves lead to much higher irreversible fouling than other fractions do.
Although filtering XAD8 and XAD4 separated EfOM leads to much less flux decline compared to colloids, permeability loss could not be recovered during backwash demonstrating mainly irreversible fouling properties ( Figure   4(a) , (c), (d)). Considering that these organics are of higher hydrophobicity than colloids (Table 1) but with a smaller size (Figure 3) , the humic material exerts high adsorption affinity with the membrane polymer (on surface and into the pores).
Influence of concentration on fouling development
The influence of biopolymer concentration on fouling development was investigated. It can be seen that an increase of colloid concentration from 0.2 to 0.5 mg/L (in terms of DOC) leads to a permeability reduction from 25 to 40% after 10 filtration cycles and backwashing. Combined with the permeability decline presented in Figure 4(b) , it is evident that increasing biopolymer concentration in feed water results in more irreversible fouling although these organics are partly removed during backwash. Increasing the concentration of humic-like substances (HPO acids) leads also to more irreversible flux decline. The LC-OCD chromatograms of the HPO acids, its UF permeate and backwash water (backwash performed with permeate water) are very similar (data not shown), indicating that UF cannot remove these organics much and that accumulated material on the membrane surface or in membrane pores is also difficult to remove by backwashing (similar phenomena occur in filtering other EfOM fractions; data not shown).
Co-effect of EfOM fractions
The According to laboratory scale results, the following conclusions can be made. and XAD4 isolated fractions can easily pass through membrane pores and cause slight flux decline. However, the fouling produced is highly irreversible, which is consistent with their high hydrophobicity measured using LC-OCD. In all of the isolated fractions, the hydrophilic acids and neutrals show the lowest fouling potential. 
Both concentration and interaction with other
